Enabling clean access into Subglacial Lake Whillans: development and use of the WISSARD hot water drill system Frank R. Rack ANDRILL Science Management Office, University of Nebraska-Lincoln, 126 Bessey Hall, Lincoln, NE 68588-0341, USA Clean hot water drill systems (CHWDSs) are used with clean access protocols for the exploration of subglacial lakes and other subglacial aquatic environments (e.g. ice-shelf cavities) in Antarctica. A CHWDS developed for the Whillans Ice Stream Subglacial Access Research Drilling (WISSARD) project by the Science Management Office at the University of Nebraska-Lincoln (UNL-SMO), USA, was specifically designed for use in West Antarctica, where the US Antarctic Program's South Pole Traverse could assist with logistical support. The initial goal was to provide clean access holes through ice up to 1000 m thick following environmental stewardship guidelines; however, the existing design allows this CHWDS to be used for ice thicknesses up to 2000 m following modifications to accommodate longer hose lengths. In January 2013, the WISSARD CHWDS successfully provided for the first time a clean access borehole through 800 m of ice into Subglacial Lake Whillans beneath the West Antarctic Ice Sheet for the deployment of scientific instruments and sampling tools. The development and initial use of the WISSARD CHWDS required the project team to address a number of constraints while providing contingencies to meet the defined project scope, schedule and budget.
Introduction (a) Exploration and study of Siple Coast ice streams and subglacial lakes
Subglacial lakes are high-priority targets for scientific investigation due to the fundamental questions that need to be answered about the role they play in the storage and transport of water beneath Antarctic ice sheets and the lack of knowledge about their physicochemical and biological properties, which requires a focused interdisciplinary approach to the study of these environments [1] [2] [3] . While the majority of the subglacial lakes identified from remote-sensing and radar investigations [4] [5] [6] [7] [8] are located under the ice in East Antarctica, numerous subglacial lakes beneath the West Antarctic Ice Sheet have recently been discovered and catalogued [9, 10] . The region of West Antarctica along Siple Coast has long been the focus of research aimed at understanding the dynamics of ice streams using estimates of ice thickness, velocity and mass balance [11, 12] , observations and modelling of subglacial bed properties and the response of till to basal freeze-on and melting [13] [14] [15] [16] [17] [18] [19] [20] [21] , and the nature and stability of the grounding zone (GZ) transition into the Ross Ice Shelf on decadal, centennial and millennial time scales [22] [23] [24] [25] [26] [27] . The increased availability of satellite remote sensing and improved mapping of Antarctic ice sheets [28] , GZs [29, 30] and bedrock surfaces beneath the ice [31] have all contributed to extensive data integration and modelling efforts to address questions about the dynamics of West Antarctic ice streams flowing into the Ross Ice Shelf along Siple Coast in response to changing subglacial hydrology [32] [33] [34] [35] [36] [37] and the tidally affected stick-slip motion of the ice [38] [39] [40] [41] .
(b) Whillans Ice Stream Subglacial Access Research Drilling project
The Whillans Ice Stream Subglacial Access Research Drilling (WISSARD) project was funded in 2009 as a 6 year, integrated, interdisciplinary effort brought about by the merger of three separate, but interrelated, subprojects that were proposed to the Antarctic Integrated System Science Program in the Polar Programs Division, Geosciences Directorate of the US National Science Foundation (NSF). The three subprojects were (i) Lake and Ice Stream Subglacial Access Research Drilling, which focused on how active subglacial lakes control temporal variability of ice-stream dynamics and mass balance; (ii) Robotic Access to Grounding-zones for Exploration and Science, which focused on ice-stream GZs; and (iii) Geomicrobiology of Antarctic Subglacial Environments, which focused on microbial metabolic and phylogenetic diversity and associated biogeochemical processes linking subglacial lakes and GZ environments [42, 43] . The WISSARD project sought to conduct an integrated assessment of how water beneath an Antarctic ice stream linked to the ocean beneath the Ross Ice Shelf influences complex glaciological, geological, microbiological, geochemical, hydrological and oceanographic systems. Geophysical surveys were conducted to identify potential drilling sites at Subglacial Lake Whillans (SLW) [44] and the GZ [45, 46] . The WISSARD project scientists wanted to use a combination of geophysical, chemical, geological and biogeochemical/genomic measurements to address questions about ice-stream dynamics and mass balance, marine ice-shelf stability, metabolic and phylogenetic biodiversity, and the biogeochemical transformation of major nutrients within subglacial environments [43] . A key aspect of the WISSARD project was the design, fabrication and use of a clean hot water drill system (CHWDS) [47] [48] [49] to access SLW and the GZ of the Whillans Ice Stream/Ross Ice Shelf (figure 1) during subsequent Antarctic field seasons.
WISSARD clean hot water drill system
The preliminary design and definition for the WISSARD CHWDS was performed from 2009 to mid-2010 by the Ice Coring and Drilling Services (ICDS) group of the University of WisconsinMadison, USA, and was presented to the international science community at the Chapman Conference on the Exploration and Study of Antarctic Subglacial Aquatic Environments held in Baltimore, MD, USA [50] . A summary of the WISSARD project by Fricker et al. [43] envisioned implementation of the drilling equipment based on information that was available at that time, but this description is not consistent with what ultimately took place regarding the final design and development of the drill. During the summer of 2010, the high estimated cost of the ICDS's proposed design prohibited the construction of this system, so a search for alternatives was initiated by the lead WISSARD project institutions (Northern Illinois University (NIU), Montana State University (MSU) and the University of California at Santa Cruz (UCSC)) to meet the requirements of the project, which resulted in an agreement with the Science Management Office at the University of Nebraska-Lincoln (UNL-SMO) to lead the drill design effort after a significant re-scoping activity in April 2011. The ICDS had already designed and purchased the water filtration and decontamination system for the WISSARD CHWDS, which was tested at MSU during January 2011 [51] , prior to the transfer of this equipment to the UNL-SMO. This equipment, together with the rest of the WISSARD CHWDS, was designed to meet the requirements of the code of conduct for the exploration of subglacial environments [52] . A detailed technical overview of the WISSARD CHWDS is provided in a series of papers in the journal Annals of Glaciology [47] [48] [49] . A schematic diagram of the main system components is provided in figure 2. (a) Clean hot water drill system design philosophy and requirements
The UNL-SMO's conceptual approach to the WISSARD project focused on identifying factors that constrained implementation of the project and on overcoming challenges while preserving as much operational flexibility as possible, using these guidelines:
-understand the science requirements and project goals; -develop a realistic scope of work, timeline and budget for the CHWDS project (including primary assumptions, options and constraints); -understand the probable life cycle of systems and equipment that would be used (including subsystems, components and required spare parts) for this project; -build redundancy into the CHWDS design to mitigate potential risk of failure and to preserve flexible options for ensuring successful field operations for this project and potential future projects to the extent possible within the budget limitations; -schedule external engineering reviews and evaluate recommendations for changes or modifications to the design, as needed or required; Figure 2 . Schematic drawing of the WISSARD CHWDS (modified from [47] ) showing primary systems and subsystems as well as fuel and water lines. The WISSARD CHWDS comprises: (1) melt tank (MT); (2) 14 000 l (3700 gallon) capacity water supply tank (WST); (3) water filtration and decontamination unit (WFU) containing two physical filters (2.0 µm and 0.2 µm) and two germicidal UV filters; (4) two heater pump units (HPU-1 and HPU-2), each containing a network of wall-mounted water and fuel manifolds as well as four (A1-A4) and two (A5 and A6) Alkota TM pressure washers, respectively, with installed plumbing in HPU-2 for two spare pressure washers (S1 and S2) that can be added in the future; (5) hose reel unit (HRU) containing the main hose reel, two traction drives, the return hose reel, water manifolds, multiple control boxes and a pair of crescents with a boom crane mounted on a moveable dolly that is guided by an extension rail installed on the roof (figures 3 and 4); and (6) command and control (C&C) unit. There were also several auxiliary modules that were transferred from the IceCube enhanced HWDS [53] and integrated into the final WISSARD HWDS, including: (1) two containerized 225 kW generators (GEN 1 and GEN 2); (2) power distribution module (PDM); and (3) day fuel tank (DFT) for fuel distribution [53] . Additional modules include: (1) storage traverse unit (STU) and (2) a modular expandable cargo container (MECC) used as the drillers' workshop. A waste heat glycol loop (WHGL) circulated heated glycol from the generators through a series of heat exchange plates in the MT, which contributed to melting snow to create seed water for the drill. (Online version in colour.)
-hire competent people with appropriate skills and training to implement the project and involve them in the design and build process; -promote a culture of safety throughout the project; -develop and implement standard operating procedures; -encourage transparency and open communications with stakeholders; and -engage and educate stakeholders about the CHWDS to enlist their help in evaluating options and design alternatives, address concerns that impact the science, and to address requirements for potential future projects.
The UNL-SMO translated this conceptual approach and a thorough understanding of the primary science requirements into specific actions leading to the final design of the WISSARD CHWDS, which required the UNL-SMO to: -provide 10 cm and 30 cm diameter clean access boreholes through approximately 800 m of ice into SLW and at the GZ to support the deployment of a range of scientific instruments that would be used to make in situ measurements and recover numerous samples of sediment, water and biology from these subglacial environments; -conduct hot water coring of the basal ice at specific sites by refurbishing a hot water ice corer [54] designed for this purpose; and -re-scope the WISSARD project to postpone until a future date the deployment of the NIU sub-ice rover (SIR) that requires greater than 65 cm diameter holes, but preserve the capability of the WISSARD CHWDS to support this requirement.
(b) Clean hot water drill system project implementation plan
The UNL-SMO's implementation of the WISSARD CHWDS included the following tasks:
-recruit and hire a combination of former IceCube Project drillers with a wealth of experience operating large hot water drill systems in Antarctica and young mechanical engineers with limited or no Antarctic experience who exhibited the appropriate skills, aptitude and enthusiasm for the project; -identify and outsource engineering support to advance the preliminary conceptual design to a more mature state as quickly as possible, while focusing particular attention on items that would be implemented first, which included: (i) acquisition and modification of standard shipping containers; (ii) installation of the physical filters and germicidal ultraviolet (UV) filters [51] that had been transferred to UNL from ICDS into the water filtration and decontamination unit (WFU); (iii) acquisition and installation of Alkota TM pressure washers (water heaters and high-pressure pumps), and the installation of wall-mounted plumbing manifolds for low-and high-pressure water circulation (into and out of the Alkota pressure washers in each heater pump unit (HPU) container), and fuel circulation (to power each Alkota module) in the HPU containers; and (iv) provide the capability to use high-pressure, clean, dry air from hospital-grade, triplex, oil-less air compressors installed in a separate room in the WFU to blow water out of all water lines from the WFU to the hose reel unit (HRU) and main drill hose (figure 2), as well as the return lines to prevent freeze-related ruptures; -encourage shared responsibility for all project outcomes and initially focus on those parts of the drill system that could be acquired, installed and tested in the first six months (June to November 2011), between the start of the project and the first systems test prior to departure of the US Antarctic Program (USAP) cargo vessel to Antarctica, in order to accomplish as much as possible in the first phase of development; the more complicated developments were left until the second phase of system development, which included the hose reel container, command and control network, germicidal UV collar, and hose cleaning modules; -deliver all CHWDS modules to Antarctica for testing and commissioning within 16 months of the initial release of funding to UNL (in June 2011), with a focus on transporting the majority of containers and cargo on the USAP vessel departing for Antarctica in December 2011; the rest of the CHWDS was transported to New Zealand by ship and flown to Antarctica in late 2012; -address all science and engineering requirements within the available budget, using both off-the-shelf and available surplus equipment from existing hot water drill systems that could be transferred to UNL and were suitable for use in the WISSARD CHWD (e.g. two 225 kW generators, power distribution module (PDM) and other IceCube enhanced hot water drill system equipment [53] View of the C&C and HRU containers (left), facing the LARS work decks and FASSI TM knuckle-boom crane, with science laboratories aligned with the secondary work deck (right). The extension rail on the roof of the HRU allows the crescent dolly to be moved out over the deck to guide the main drill hose into the borehole, which is located directly below an opening in the primary work deck. The legs of the extension rail are supported by the work deck and are surrounded by a tent enclosure that reduces potential wind-blown contamination around the borehole during drilling and science operations. (Online version in colour.) modifications were initiated to transform the return cable reel into the main hose reel (e.g. built level wind, added rotary union, motor and brake); -procure and modify surplus dairy equipment lined with food-grade stainless steel, to provide efficient clean water production and storage capacity to ensure that the WISSARD CHWDS could be sustainably operated for many hours, while: (i) initiating the keyhole, where drill water is lost into the firn during drilling, or (ii) connecting the main borehole to the keyhole to establish recirculation of borehole water back to the surface; having a large water supply 'buffer' yields many advantages, such as providing sufficient surface storage to lower the borehole water level by pumping the excess water into the water supply tank (WST) or providing sufficient time to solve borehole or equipment problems while maintaining stable water temperature and circulation to avoid freezing [48] ; -request that a skid-steer loader (e.g. Caterpillar 297) with forks and a bucket be provided by the USAP for use at the drill site to load snow into the melt tank and conduct other tasks during the set-up and maintenance of the drill and camp; -request the modular expandable cargo container (MECC) from the USAP and modify it to serve as a mobile workshop for the UNL-SMO drillers; -evaluate the compatibility of all systems and subsystems of the CHWDS with decontamination protocols, such as the use of hydrogen peroxide and germicidal UV light to decontaminate hoses and cables, while developing standard operating procedures to preserve safety in parallel with system design tasks; -specify the design requirements and oversee fabrication and delivery of new and/or unique components of the CHWDS that required special engineering efforts [47] , such as: (i) the two 1000 m long, 3.18 cm (1.25 in) internal diameter (ID), clean main drill hoses (primary and spare), and the two 1000 m long, 1.91 cm (0.75 in) ID, clean drill hoses (primary and spare) that were used for the hot water ice corer [54] , which required a smaller diameter hole for optimum performance; (ii) the in-line, torque-limited, traction drives installed in front of the main hose reel (figures 3 and 4), which were used for deployment and recovery of the main drill hose without putting any strain on the hose reel motor (i.e. each traction drive can independently support the full weight of the main hose); (iii) the extension rail and dolly system mounted on the HRU, which is used to guide hoses in and out of the borehole; the dolly also has a boom mounted between the crescents that can be used for raising and lowering science instruments, as required; (iv) the germicidal UV collar, which is mounted below the work deck and used to disinfect hoses and cables going into the ice borehole (figure 5); and (v) the industrial ethernet token ring monitoring and control network [49] , which provided time-stamped information to the drillers' console about the status of modules, and helped promote safe, reliable and flexible operations; -ensure that all components of the CHWDS were equipped with International Organization for Standardization (ISO)-2 ski kits for transport by the USAP South Pole Traverse (SPoT) tractors, so they would integrate seamlessly with other USAP infrastructure (e.g. power generation and distribution systems, launch and recovery system (LARS) work decks), while also preserving minimum stand-alone operating capabilities; and -work with the USAP and other WISSARD partners to ensure that all science tools, some up to 15.3 m long, could be deployed in a safe and responsible manner by the handling equipment (e.g. FASSI TM 385 crane mounted on the LARS work decks), while also maintaining a clean work environment surrounding the borehole; this discussion led to the addition of a second work deck parallel to the first, used for tool preparation, with the crane deck connecting the two, and the fabrication of a tent enclosure on the deck surrounding the borehole ( figure 3) . 
(c) Project challenges and milestones
A schedule of formal evaluation and external review at various stages of the CHWDS development greatly assisted UNL in limiting the potential for project creep and ensuring that proposed design solutions would be both appropriate and safe. Some of the important challenges of the project arose from the financial and administrative structure of the project and the reliance on vendors or other project partners for coordinated accomplishment of deliverables on an integrated schedule with shared milestones, including those related to systems integration tasks. Some examples were:
-funding for the design, fabrication and deployment of the WISSARD CHWDS came to the UNL-SMO as subawards from three separate academic institutions (NIU, MSU and UCSC) using funding originating at the NSF from the American Recovery and Reinvestment Act of 2009, which meant that all expenditures had to be split among the three separate cost centres, and additional effort was required to preserve or retain US jobs by engaging a wide range of vendors across the USA (from California to Connecticut; see electronic supplementary material, tables S1-S3); -partial funding to UNL became available in June 2011 with the balance of funding coming in late 2012, once inter-institutional re-budgeting was completed by the WISSARD project's academic partners; -purchase and modification of ISO cargo containers were the first projects undertaken, concurrent with ongoing design work and ordering of other components, on the critical path for the project; standard 12.2 m long containers were used because they could be acquired quickly, while smaller containers that could be flown on LC-130 aircraft would not have been delivered for several months and therefore could not be used; -delivery of the majority of the water plant was 12 weeks after the order was placed, with some special order options requiring 16 weeks or more, which pushed container installation of this equipment to late September 2011; -the first engineering review took place in November 2011, just after container installation of equipment and just prior to shipment of the containers to Port Hueneme, CA, for vessel transport to Antarctica in December 2011; -the outcome of the re-competition of the USAP meant that the transition from Raytheon Polar Services Corporation to the Lockheed Martin Antarctic Support Contract (ASC) took place in March 2012, requiring the WISSARD project planning to begin with one contractor and finish with the second, which led to some administrative and operational challenges and delays; -the second NSF engineering review meeting was held in Lincoln, NE, on 16 August 2012, just prior to the deadline for cargo shipment from Nebraska to Port Hueneme, CA, to meet the USAP surface vessel to New Zealand and final transport of equipment by C-17 aircraft to Antarctica; and -the entire WISSARD CHWDS, LARS work decks and FASSI crane, and science laboratory modules, as well as IceCube generators and the PDM, came together for the first time at the WISSARD South Pole Traverse (WIZ-SPoT) site on the McMurdo Ice Shelf (77.8903 • S, 167.0083 • E) for a third NSF engineering review and integrated acceptance testing and commissioning of the CHWDS in December 2012; a test hole was made through 58 m of ice shelf into the ocean, with 800 m water depth below the ice, for test deployment of science instruments and sampling tools to depths beyond the depth of SLW, estimated at 800 m below the ice surface; the commissioning was successful, the entire system was flushed with fresh water and the lines and hoses were blown out with compressed air, and the system was cleared to traverse, towed by the USAP tractors to the deep field; the USAP traverse departed on 30 December 2012. 
(d) Drilling operations at Subglacial Lake Whillans
The drillers' logbook entries and associated drilling data provide the best information about the process of clean drilling into SLW. These entries are briefly summarized here and in table 1, through a series of numbered steps (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) , which are also shown in figure 6 . The operation began with the use of the drill to create a shallow hole (about 30 m deep) that could be used for the assembly of science tools away from the location of the main borehole. Following this, the CHWDS was used to (1) melt a 120 m deep keyhole through the firn and into the ice and deploy a submersible pump in this hole after the drill hose was recovered; then, (2) the main borehole was drilled to the same depth, parallel to the keyhole but separated by less than 1 m distance, and water was circulated into the borehole for several hours until a connection between the two holes was indicated by changes in the load cell monitoring the weight of the drill hose and the pressure sensor monitoring the level of water in the borehole; the submersible pump was turned on and water was recirculated back to the surface to confirm the connection. Next, (3) the main borehole was deepened to about 700 m, which was about 100 m less than the estimated total depth of ice over the lake, and (4) borehole visual observations were obtained using a wireline system (video camera recorder and light ring in a pair of pressure bottles mounted on a frame) known as the DOCTOR (downhole optical caliper tool for observing roundness), which confirmed that the borehole was well formed, vertical and the desired diameter. Then, a wireline water filtration system was lowered into the borehole by the scientists to measure the baseline amount of biological material (cell counts) in the borehole [55] . Following recovery of the water sampler, 
(2) (9) (11) Figure 6 . Plot of depth in the borehole versus elapsed time from the start of hot water drilling operations at SLW. The 11 steps shown are explained in table 1 and in the text. (Online version in colour.)
(5) the main hose and drill head were re-deployed into the borehole to melt the final 100 m of ice and attempt breakthrough into the lake, which seemed to be indicated by changes in the load cell and pressure sensor, which led to a decision to recover the drill hose to the surface. Then, (6) the micro subglacial lake exploration device (MSLED) 'mothership' and remotely operated vehicle (ROV) [56] was deployed into the borehole to provide real-time visual observations which indicated a deviation (bifurcation) at 690 m, potentially caused by a misalignment of the surface infrastructure (i.e. movement of the crescent assembly that guides the drill hose into the hole) prior to the redeployment of the main hose. After (7), a third round trip of the main hose into the borehole to ream the lower portion of the hole and correct the deviation problem (figure 6), the drillers diagnosed a problem with the encoder on the hose reel, which was providing erroneous readings of hose length (depth). Another encoder was installed, the drill hose was redeployed into the borehole and (8) the drill was slowly advanced beyond the problem interval to the base of the ice, whereby clean access into SLW was accomplished. The hole was then commissioned, and (9) turned over to the WISSARD science team for the first phase of sample recovery and borehole measurements. A graphical timeline providing specific details of the science tool deployments can be found in Tulaczyk et al. [57] . Following an initial 30 h of science operations, it was determined that the borehole required reaming, so (10) the drill was realigned and the borehole was enlarged over the course of 20 h before (11) returning to science tool deployments until ending operations on 1 February 2013 (for more detailed information, see the electronic supplementary material).
(e) Drillers' daily reports Sequential entries from the drillers' daily reports (table 1) describe the sequence of events undertaken to complete the clean access drilling into SLW (figure 6). The convention used in the daily report was to begin reporting from the start of the night shift (19.00) of a given day and continue for a 24 h period until the end of the following day shift. The drillers' logbook entries (electronic supplementary material, table S4) provide time-stamped data and many entries include additional information about the CHWDS status and parameters such as the level of water in the main WST as a percentage (%) of the total volume, the temperature of the water ( • C) in the main WST, the output temperature ( • C) of the heated water sent into the borehole through the main drill hose, the flow rate of water in litres per minute (l min −1 ) and the pressure (in kPa), the payout speed of the reel (in m min −1 ) and the direction of travel of the hose, as well as comments about drill status or events that occurred during the drilling (see the electronic supplementary material).
Clean access techniques and lessons learned
The process of clean access drilling into SLW was accomplished successfully in stages (figure 6). Some of the steps were required to satisfy science requirements, such as the pause in drilling at approximately 700 m (step 3) to accommodate visual observations and water sampling (step 4) to measure the number of biological cells present in the borehole (as a measure of the contamination of the drill water), which showed that there were three orders of magnitude less cells in the borehole than in the lake waters measured after breakthrough [55] . The drilling was essentially accomplished 'blind' without specific knowledge of what was transpiring at the drill head. Because the drill head was not instrumented, the drilling relied heavily on a small number of key sensors to guide the drilling and the drillers' actions; these included a pressure sensor located just behind the borehole pump to monitor water level in the borehole, a load cell under the crescent guide to monitor the weight of the drill head and hose deployed into the borehole, and digital encoders used to measure the length of hose deployed into the borehole. None of these measurements alone could be fully trusted, but together they formed the basis for interpreting what was going on in the subsurface during drilling.
A pressure sensor was installed and deployed in parallel with the oversized return water pump (maximum flow rate of 302 l min −1 ) that was lowered down to 110 m in the keyhole. This pressure sensor was used to monitor the head of water in the borehole, remove water from the borehole to lower the hydraulic head above the pressure sensor prior to breakthrough, and to indicate any sudden changes in water level, such as might occur during breakthrough into SLW. The goal was to ensure that, upon breakthrough into SLW, the water in the lake would flow up into the borehole, rather than from the borehole out into the lake. In order to accommodate the excess water being pumped out of the hole, the water level in the main WST was also lowered prior to beginning this process. The borehole pressure readings were critical for the success of the project since they informed the drillers about changes in the water level in the borehole, and, along with the load cell, provided a sensitive way to monitor events. The pump had to be turned off at times to get a good pressure reading due to noise masking the signal to the surface.
Other sensors that were very important to the success of the drilling operation were the load cell and the drill hose encoder. The load cell mounted under the crescent was the single most important sensor on the drill, since without this sensor there was no way to know if the drill head had bottomed out in the hole and started drilling at an angle. The drill hose encoder along with tape marks made on the hose itself were the only way to know the depth of the drill head with any accuracy (since there were insufficient funds to develop an instrumented drill head). During operations at SLW, the hose encoders caused problems due to erroneous readings, perhaps made worse by hose stretching of 5% or more. The drillers responded by changing out the encoder and comparing the new and old readings to determine the best estimate of the drill head depth when close to the bottom of the ice (see the electronic supplementary material) to reduce uncertainty without visual observations. An inexpensive and simple to operate borehole camera system (e.g. DOCTOR) that records video imaging without a real-time feed to the surface was used by the drill team. The system was borrowed from colleagues at Victoria University of Wellington, New Zealand, following the success of the system at the ANDRILL Coulman High hot water drill sites in 2010-2011 [58] . The DOCTOR provided recorded visual information about the diameter and the wireline depth of penetration of the borehole that could be viewed after recovery of the tool to the surface and data transfer to a computer. These observations and measurements helped to constrain the downhole uncertainties during hot water drilling into SLW, but real-time data are preferred, when possible. The use of MSLED provided some additional capability, but the low-weight vehicle had difficulty penetrating surface ice layers at the air/water interface in the borehole [56] .
The UNL drill team identified several lessons learned over the course of the drilling into SLW that should be implemented in future projects, such as:
-an instrumented drill head is recommended for future clean drilling projects; especially for deeper penetration holes where real-time data can significantly help the drillers develop the hole (increase the diameter) and evaluate the amount of hose stretch prior to breakthrough; -a real-time borehole camera is recommended to provide visual information to guide the drilling and to inspect and commission the borehole; -faster drilling is not always the best way to accomplish the drilling; slow and steady penetration yields a larger hole diameter that can better meet the science objectives by increasing the time for science operations before needing to ream the hole, but this comes at the expense of potentially using more fuel; -although the clean drilling procedures used by the WISSARD CHWDS were adequate to accomplish clean access for the WISSARD project at sites relatively close to the GZ, where cell counts measured in the borehole were several orders of magnitude less than those measured in SLW [55] , more data are needed to determine the appropriate level of cleanliness for accessing more pristine areas further under the ice sheet to improve the state of the art [52] ; -having experienced drillers involved in the design and review process significantly improved the safety, functionality and robustness of the delivered system, which performed as designed the first time it was used in the deep field; -custom design takes more time and effort and requires clear and constant communication among scientists, project managers, design engineers, vendors and drillers to clarify any misunderstandings or differences in approach that might impact the optimized use of the system; to deliver an integrated system that meets all of the design objectives requires persistent effort and diligent oversight to prevent or mitigate any potential operational issues; -the ISO-2 ski kits should be modified to reduce the twisting motion transferred to containers during a traverse, which caused some damage to the HRU, the heaviest of the WISSARD CHWDS components; taking steps to strengthen the base of the HRU container by welding a steel beam along the c-channel, as was done for the two HPU containers, may have mitigated the impact of this motion, but would have made the container heavier; moving the forward skis closer together (towards the centre line) may potentially reduce this twisting motion; and -the estimated total weight of the seven CHWDS modules designed and fabricated by the UNL-SMO (e.g. WFU, HPU-1, HPU-2, HRU, STU, and flat rack with MT, WST and DFT), supporting infrastructure (e.g. GEN 1, GEN 2, PDM, LARS decks and crane) and the science infrastructure (e.g. laboratories, workshops, tools) were 100 000 kg, 80 000 kg and 70 000 kg, respectively; tractors, fuel, other cargo and camp infrastructure added another 200 000 kg; so, anything that reduces the total weight will help the execution of future projects.
Future plans
The WISSARD CHWDS was designed specifically for use in West Antarctica, with the initial goal to provide access holes through ice up to 1000 m thick, although the UNL design allows the CHWDS to be used with modification to 2000 m of ice. The UNL design of the WISSARD CHWDS incorporated several contingencies, including: (i) the ability to increase the water plant capacity from six Alkota pressure washers yielding a maximum of 274 l min −1 (72 gallons per minute (gpm)) to eight pressure washers yielding a maximum of 365 l min is in place, so all that is needed is to purchase two additional Alkota units; (ii) the ability to increase the diameter of the drill hose from 3.18 to 3.82 cm (1.25 to 1.50 inches) ID while using the same hose reel to deploy the 1000 m of drill hose (both diameters of hose will fit on the reel), or to double the hose length by using 1.91 cm (0.75 inches) ID drill hose (by coupling the two smaller diameter lengths of hose together to make a 2000 m long hose); (iii) the ability to limit the torque on the main hose reel using the two traction drives, which effectively removes the requirement for the main reel to support any significant weight of the drill hose and offers flexibility for using multiple reels in series to potentially provide a longer, larger diameter drill hose (e.g. 2000 m of 3.18 cm ID hose); and (iv) the ability to drill with or without the ski-mounted LARS work decks supplied by the USAP logistics provider, by using the rail and dolly system mounted on top of the HRU, which includes telescoping legs to support the extended rail on either the LARS decks, or, alternatively, directly on the snow surface (figures 3 and 4). Developing these design contingencies was necessary to provide safe drilling options while responding to user-defined requirements for different operating scenarios, such as: (i) if uncertainties in the USAP project schedule delayed the C-17 aircraft delivery of the LARS work decks and FASSI knuckle-boom crane to Antarctica beyond the start of integrated system testing in December 2012 (which was a significant operational risk from the perspective of the drill team preparing for field operations); (ii) needing to provide clean access holes for future projects through greater thicknesses of ice (e.g. up to 2000 m); or (iii) needing to provide access holes for future projects with a borehole diameter of 1.0 m or more to allow deployment of the NIU SIR ROV, or other large diameter tools. The de-scoping process that took place at the beginning of UNL's involvement in the WISSARD project required that the latter two scenarios be accommodated in the final CHWDS design. After the first use of the WISSARD CHWDS at SLW, the UNL drill team successfully accomplished a second season of drilling and provided clean access through the GZ of the Whillans Ice Plain/Ross Ice Shelf (figure 1) in January 2015, while applying many of the lessons learned from clean access drilling into SLW. The WISSARD CHWDS and UNL drill team is prepared to contribute to future projects aimed at clean access and exploration of other subglacial lakes and sub-ice aquatic environments in Antarctica, working together with the international science community.
Data accessibility. The data supporting this study are provided in the electronic supplementary material.
Additional information and metadata are provided in the Antarctic Master Directory of the Global Change Master Directory (entry ID: Hot_Water_Drill_Systems_NSF_PLR_1146554).
